We design a 121-channel on-chip spectrometer based on an echelle grating with densely packed waveguide array on 220-nm silicon-on-insulator platform. It offers a high spectral resolution of 0.5 nm in a 3 * 3 mm 2 footprint, covering a spectral range of 60 nm near the central wavelength of 1550 nm. We fabricate the spectrometer with 20 channels for verification of the design, which is limited by our equipment. The measured crosstalk for the fabricated device is -4.3 dB and can be improved by better fabrication techniques. This spectrometer can be used for lab-on-a-chip spectroscopy applications, such as drug analysis in biotechnological and pharmaceutical research.
Introduction
A spectrometer is of great importance in chemical and biological sensing, material analysis, and light source characterization. The realization of high-resolution on-chip spectrometer could enable a low-cost and compact spectroscopy for portable sensing [1] . Many types of spectrometers based on different schemes have been implemented to support planar waveguide-based optical sensor chips [1] - [9] . Recently, silicon-on-insulator (SOI) integration platform has attracted much attention due to its compactness, reliable performance, and sensitivity, which makes it an ideal platform to realize on-chip spectrometers and lab-on-a-chip systems. Moreover, it is CMOS compatible, which enables low-cost integrated devices. The spectral resolution of a grating-based spectrometer can be enhanced either by increasing the interference order of the grating and the total number of grating teeth, or by narrowing the input and output apertures of the spectrometer if the diffraction limit of the grating is not yet reached. In [3] , [10] , a planar echelle grating chip has been utilized as a spectrometer, and the pitch of the output waveguides are 5 μm and 2.5 μm, respectively, which limits its further device miniaturization under such resolutions.
Waveguide arrays have been widely used in emerging applications, such as optical-phased arrays [4] , [11] , space-division multiplexing [12] - [14] , chip-scale optical interconnects [15] , and conventional applications such as wavelength-division multiplexers [8] . In common cases, the pitch in these waveguide arrays has to be relatively large, ranging from a few micrometers to tens of micrometers, in order to avoid mutual coupling. Although plasmonic waveguides have the potential to achieve ultra-high density of waveguides, their significant material losses fundamentally limit their use in large scale circuitry. Densely packed waveguide array (DPWA) has been proposed to reduce crosstalk when the waveguide pitches are in a subwavelength scale, dedicated to improve the integration density of a silicon photonic chip [13] , [14] , [16] . Using such a DPWA as output waveguides of a planar echelle grating, the resolution and size of the spectrometer can be improved obviously.
In this paper, a compact, high-resolution, integrated spectrometer based on echelle grating is demonstrated. A DPWA with a waveguide pitch as short as 1um is employed as the output waveguides to improve the spectral resolution. To our best knowledge, 1um is the smallest pitch in the output waveguides of echelle grating ever made on the SOI platform, so it can offer the highest spectral resolution when other conditions are the same. With a device footprint of 3 * 3 mm 2 , a spectral resolution of 0.5 nm and a neighbor crosstalk of −20 dB is analytically simulated for a 121-channel spectrometer. Experimentally, a 20-channel device is fabricated and measured, and the measured crosstalk is −4.3 dB. The relatively large crosstalk will be explained in the experimental results section.
Design and Fabrication
The spectrometer is built on an SOI wafer with a 2 μm-thick buried oxide layer and a 220 nm-thick top silicon layer. Fig. 1 shows a schematic layout (also the mask for patterning) of the present echelle grating spectrometer. Only the number of channels is reduced to 20. We use distributed brag reflectors (DBRs) at the grating reflection facet. The DBRs have a period of 0.48 μm and duty cycle of 0.5, and only three fully etched grating slots are used for faster patterning at the cost of reflectivity. The inset of curve in Fig. 1 shows the simulated reflectivity of the DBR with a etch length of 5 μm, which is above −2 dB. An alternative approach for the reflective grating facet is to use metal-coated grooves, but at a cost of additional fabrication steps [17] . Since the current echelle grating has a large number of output channels, the traditional Rowland mounting would suffer from relatively large channel non-uniformity, because only the central channel is a stigmatic point which gives the best image quality and consequently high output efficiency. The present layout of highresolution integrated echelle grating spectrometer is based on a design with two stigmatic points which are located at the 30-th and 90-th channel of all 121 channels to get a uniform distribution of the transmission spectrum. Moreover, a parameter scan of the grating structure is run for minimizing further the aberrations at the first and last channels, which are the farthest channels from the two stigmatic positions. The input and output waveguides are defined along a straight line instead of Rowland mounting and the reflection facets are defined via a series of intersecting ellipses [18] , [19] , since the sum of the optical paths from the i-th facet of the grating to the input and output waveguides is predetermined. The two points located at the 30-th and the input channels serve as the two focal points of an ellipse, while the focal points of the other ellipse are located at the 90-th and the input channels. The centers of grating facets are consequently defined by the intersections of such ellipses through varying the length of the long axis while the focal points are fixed. There are 620 DBRs in this design. The field from the input waveguide propagates through the free propagation region (FPR) and is diffracted and refocused by the echelle grating to the corresponding output waveguides according to the wavelengths. The echelle grating spectrometer operates in the TE polarization and has the following parameters: the diffraction order is 15, and the pitch of the output waveguides is 1 μm. Fig. 2 shows the simulated transmission spectrum of the designed echelle grating by using the scalar diffraction theory with the Kirchhoff-Huygens diffraction formula. The reflectivity of the DBR is set to be 1 for simplicity in the simulation. The neighbor channel crosstalk is about −20 dB.
The output waveguides are composed of a DPWA, which is the key element to achieve a small channel spacing, since the whole device footprint scales to the pitch of the output waveguides at a constant resolution. It is known that, in a two parallel coupled waveguide system, the normalized power coupling ratio from one waveguide to another is given by [16] 
, where β represents the propagation constant difference between the two waveguides, κ the coupling strength, and L the coupled length. One can easily see that if the phase mismatch is larger ( β κ), the crosstalk becomes lower. There are two constraints in determining the waveguide widths of the DPWA in the present device. First, the waveguide should be of singe mode, which gives an upper limit of ∼590 nm. Second, the propagation loss increases as the waveguide width decreases. From normal experience, waveguides of width smaller than ∼400 nm will have high losses under the present fabrication condition. It is also shown in [16] that a waveguide array consists of two waveguides with different widths suffers large crosstalk due to the non-adjacent coupling. Furthermore, more than three waveguides are not preferred, either, since this will decrease the propagation constant difference among these waveguides, and then induces higher crosstalk within one unit. Therefore, we choose three waveguides as the basic unit for the DPWA adopted here. Fig. 3 shows the relation between the waveguide width w and the effective index n e f f for the fundamental trans-electric (TE) mode of a conventional 220 nm-thick strip waveguide.
For the present device, the three waveguides in out unit of the DPWA output waveguides are of widths of 420 nm, 480 nm, 590 nm, respectively, where the phase mismatch are maximized between each waveguide. The pitch of the waveguides is decided as shown in [16] , which shows 1 μm is enough for low crosstalk. These waveguides are tapered to 800 nm at the output aperture through a 1 μm long linear taper in order to alleviate non-uniformity of the transmission spectrum inherited with the width difference of the output waveguides. Therefore, we also choose the width of the input waveguide as 800 nm to ensure that the present device gives a one-to-one magnification to the input optical field. A simplified method is used to simulate the crosstalk of the DPWA, where only the crosstalk from the nearest-neighbouring waveguides is considered. Fig. 4 shows simulated crosstalk of the designed DPWA with taper, as shown in the inset of Fig. 4(b) , when light is injected from the left taper. The input field is the fundamental mode of an 800 nm wide waveguide. The crosstalk is below −40 dB over 100 nm wavelength range. So it is sufficient to be used as the output waveguides of designed spectrometer.
The fabrication is started from the coating of PMMA 679.04 (ALLRESIST) on a SOI chip with 220 nm silicon top layer. The spectrometer is patterned by Raith 150 TWO high-resolution e-beam lithography system. Afterwards, the pattern is transferred to the top silicon layer of the chip by inductive coupled plasma (STS ICP) etcher. The etch depth is 220 nm for the waveguide array and the DBRs. A grating shallowly etched coupler is fabricated at the end of each waveguide for measurement purpose. Fig. 5 shows the SEM picture of the input and output waveguides. The width of the input waveguide is 798 nm and the widths of the densely packed waveguides are 424 nm, 488 nm, and 594 nm. It is very close to design. One can also see that they are all tapered to the same width. 
Experimental Results
The measurement results are shown in Fig. 6 . The number of channels in the fabricated device is limited by our EBL system. The patterning time increases not linearly but exponentially (as the lengths for all the waveguide channels have to increase as well) with the total number of channels. For a 61-channel echelle grating spectrometer, more than 7 hours is already needed to finish the patterning. The drift of the system during the patterning will cause some misplacement of some waveguide channel from the optimal position, which will deteriorate losses and crosstalk. Thus, a 20-channel device was actually fabricated. The footprint of the spectrometer is 3 * 3 mm 2 . For a 121-channel design, the footprint remains almost the same because the footprint is mainly determined by the free propagation region. An amplified spontaneous emission (ASE) source with a spectral range of ∼80 nm is used as a broadband light source. The output spectra of each channel is measured by an optical spectrum analyser (OSA). The response of the grating coupler has been normalized out by a 300 μm long straight waveguide with the same grating coupler. The resolution of the spectrometer is 0.5 nm with a 3 dB bandwidth of 0.28 nm, the maximal insertion loss is about 6.9 dB and the maximum crosstalk is about −4.3 dB. The periodic side lobes which are the main cause of the relatively large crosstalk can be attributed to the EBL stitching error during the patterning of DBRs [20] .
The relatively large loss is due to the not very high reflectivity of the DBRs and fabrication imperfection, such as position drift of the DBRs during the long patterning time, which defocuses the image and consequently less optical power is coupled to the corresponding waveguide, and rough sidewall of the waveguides, which increases the propagation loss. Moreover, the defocused image can contribute to the crosstalk because some optical power will couple to the neighbouring channels. The rough sidewall of the waveguides can also contribute to the crosstalk due to radiative power coupling [22] . The channel non-uniformity is about 1.7 dB, which is mainly caused by two factors. Firstly, waveguides patterned latter suffer from more misalignment between writing fields due to the long patterning time, and we can see that the middle channels have better uniformity than the outer channels since they are patterned from the beginning. Secondly, waveguides with different widths have different propagation loss. Usually, narrower waveguides often have larger loss because more optical field intersects with the waveguide sidewall, which is not very smooth as a result of ICP etching [23] . With improved fabrication in the state-of-art foundries, all these problems can be improved.
We compare the results of recent echelle grating based spectrometers on Table 1 . Some performances such as insertion loss and crosstalk in this paper may not as good as the other devices. However, it shows advantage in the channel spacing and resolution and has strong potential to more channels, e.g., 121 channels in 9 mm 2 in our design which can not be achieved in the previous designs.
Conclusion
We have designed a 121-channel compact and high-resolution on-chip spectrometer based on echelle grating with a resolution of 0.5 nm using densely packed waveguide array and demonstrated experimentally this device with a spectral resolution of 0.5 nm, insertion loss of 6.9 dB and crosstalk of −4.3 dB. The total number of channels in the fabrication is 20, which is limited by the long pattering time of our electron beam lithography (EBL), because the patterning time arises exponentially with the number of channels. This spectrometer can be integrated with on-chip sensors to avoid the use of conventional bulky spectrometers, which can make the system more reliable and cost-effective.
